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Purpose: Maternal obesity impairs kidney development and function of the offspring and 
leads to a greater risk of kidney disease in adulthood. The present study aimed to investigate 
the link between peroxisomes, oxidative stress (OS), and inflammasomes in the fetal kidney 
of maternal obesity rats and to explore the potential therapeutic effects of the antioxidant 
pyrroloquinoline quinone (PQQ).
Methods: Maternal obesity rats were developed by administration of a high fat diet plus 
supplementation with PQQ (40 mg/kg body weight) as a potential therapy. Renal histology 
was observed by Periodic Acid-Schiff staining. The expression profiles of peroxins, fatty 
acid β-oxidation enzymes, antioxidants, and the regulators of the unfolded protein response 
(UPR) pathway and NLRP3 inflammasome were analyzed in the kidneys and tubular 
epithelial cells (TECs) from near-term fetuses (embryonic day 20).
Results: The present work revealed that: 1) a maternal high fat diet (MHF) led to higher 
blood pressure in adult offspring; 2) MHF led to downregulation of peroxisome markers 
PEX3 and 14 in fetal kidneys; 3) the antioxidant SOD2 and catalase were decreased, and 
oxidative stress marker Ephx2 was increased; 4) MHF-induced activation of the UPR path
way; 5) the KEAP1-NRF2 pathway was activated; 6) activation of the NLRP3 inflamma
some led to secretion of pro-inflammation factors; 7) in TECs, the changes in PEXs and 
NLRP3 are similar to tissues, but UPR and NRF2 pathways showed opposite trends; 8) and 
the antioxidant PQQ alleviated maternal lipotoxicity by decreasing ROS levels and inhibiting 
activation of ER stress and inflammasome in fetal kidney.
Conclusion: A maternal high fat diet decreased the number of peroxisomes, subsequently 
activated OS and inflammasomes, resulting in pyroptosis and apoptosis in fetal kidney. The 
antioxidant PQQ served a protective role against the effects of lipotoxicity on kidney 
programming and, thus, is a potential candidate to prevent maternal obesity-induced renal 
programming.
Keywords: maternal obesity, kidney, peroxisome, oxidative stress, inflammasome

Introduction
Obesity has become an important public health concern worldwide due to the 
substantially increased prevalence over the past few decades.1 Epidemiological 
studies have reported that about 20–30% of pregnant women are overweight or 
obese,2 and, thus, are at a greater risk of developing complications of pregnancy, 
such as gestational diabetes, hypertension, and preeclampsia.3 The offspring of 
women who are obese during pregnancy are exposed to a milieu of adverse 
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intrauterine events during key periods of embryonic devel
opment and are at greater risks of metabolic syndrome, 
which has been linked to the development of hypertension, 
obesity, and type 2 diabetes.4–6 Evidence from human 
studies indicates that maternal obesity adversely affects 
kidney programming, thereby contributing to a greater 
risk of chronic kidney disease (CKD) in adulthood.7 

Animal studies have also indicated that a lipotoxic intrau
terine environment adversely impacts kidney development 
and function.8 Kidney programming greatly promotes sus
ceptibility to CKD,9 thus further understanding of the 
mechanisms underlying kidney development in the fetuses 
of women who are obese during pregnancy is highly 
warranted to prevent CKD.

Maternal obesity impairs normal embryonic develop
ment through deregulation of metabolic homeostasis, the 
accumulation of reactive oxygen species (ROS) and reac
tive nitrogen species (RNS), inflammatory responses, and 
consequent cell death.10−12 ROS/RNS are free radicals, 
which include hydrogen peroxide (H2O2), superoxide 
anion (O2∙−), hydroxyl radical (OH∙), and nitric oxide 
(NO).13 Oxidative stress (OS) originates from an imbal
ance between the generation of ROS and RNS and asso
ciated detoxification mechanisms.14 The peroxisome is 
a ubiquitous organelle in eukaryotic cells that plays impor
tant roles in the production and degradation of cellular 
ROS/RNS. Peroxins (PEXs) regulate the biogenesis and 
degradation of peroxisomes. Thus, mutations of PEX 
genes can cause defects in peroxisome proliferation and 
function.15 Moreover, OS is bidirectionally and synergi
cally related to inflammation, as OS induces inflammation 
and vice versa, while ROS have been identified as activa
tors of the NLRP3 (NOD-, LRR- and pyrin domain- 
containing protein 3) inflammasome16. ROS is also an 
inducer of ER stress, excessive ROS production leads to 
ER stress-induced cell death.17 Furthermore, in response to 
OS, the transcription factor NF-E2 p45-related factor 2 
(NRF2) induces the expression of antioxidant genes, 
including NAD(P)H quinone oxidoreductase 1 (NQO1), 
heme oxygenase-1 (HO-1), and glutamate cysteine ligase 
catalytic subunit (GCLC), thus playing a vital role in 
protection from toxicity and stress-induced inflammation. 
Activation of NRF2 inhibits ROS-NLRP3 signaling and 
attenuates OS.18 However, little is known about the pro
gramming effect of obese pregnancy on the link among 
peroxisomes, the NRF2 pathway, and inflammasomes dur
ing critical periods of kidney development.

Therefore, female rats fed a high fat diet were used to 
investigate whether maternal obesity impaired the produc
tion and function of peroxisomes and inflammasomes in 
the fetal kidney. With the primary cultured tubular epithe
lial cells (TECs), we further investigate whether the acti
vation of OS and inflammasome occurred in renal tubular 
epithelial cells and lead to renal tubular dysplasia. Also, 
the potential of pyrroloquinoline quinone (PQQ), a novel 
dietary antioxidant against harmful OS,19 was explored as 
a countermeasure to protect offspring against high fat 
toxicity during pregnancy and lactation.

Materials and Methods
Animals
The animal study protocol was approved by the Animal 
Research Committee of Shengjing Hospital of China 
Medical University (Shenyang, China; approval number, 
2018PS288K). All experiments were performed in accor
dance with the guidelines of the National Institutes of 
Health. A rat model of maternal obesity was established 
with a high fat diet. In brief, Wistar rats (age, 5 weeks) 
were randomly assigned to one of three groups (n = 10), 
a control group that was fed a normal diet (10% kcal from 
fat), a maternal high fat (MHF) group that was fed a high 
fat diet (60% kcal from fat) matched for micronutrients 
(Supplemental Table 1), or a HF-PQQ group that was fed 
a high fat diet and supplemented with PQQ (40 mg/kg 
body weight, dissolved in water) by gavage through gesta
tion and lactation. The dose we choose is based on pre
vious reports on PQQ efficacy and toxicity research in 
rats.20 The diets were fed to female rats ad libitum for 5 
weeks before mating and throughout pregnancy and lacta
tion. At ~10 weeks of age, the females were mated with 
males fed a normal diet and considered as pregnant by the 
presence of a vaginal plug. Mother rats were individually 
housed.

Some pups were delivered by caesarean section on 
embryonic day 20 (E20) to ensure that the near-term 
fetuses from both groups are of the same gestational 
ages. A portion of the right kidney was fixed in 4% 
paraformaldehyde and the other kidneys were stored at 
−80°C until analysis. Other pups were delivered sponta
neously, nourished by the mother, and fed a normal diet 
after weaning. At 12 weeks, in the awake and quiet state, 
systolic blood pressure (SBP) was recorded using tail cuff 
with a sphygmomanometer (BP-98A, Softron), and each 
rat was measured 4 times to get the average values. 
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A metabolic cage was used to obtain 12-h urine samples 
for measurement of renal functional parameters (CREA, 
protein, UA etc.) with Architect ci16200 chemistry analy
zer (Abbott Laboratories, Abbott Park, IL, USA). The 
offspring of at least three separate litters were used for 
analyses. The data presented herein were obtained from 
males (except for E20 fetuses) to exclude any potential 
bias caused by sex-specific hormone levels.

Renal Histology
Paraformaldehyde (4%)-fixed and paraffin-embedded kid
ney tissue sections (3 μm) were subjected to Periodic 
Acid-Schiff (PAS) staining and nephron was counted 
under 200× magnification in five areas of three sections 
from six fetuses per group. Immunohistochemistry (IHC), 
and immunofluorescence (IF) staining were conducted in 
accordance with standard protocols using commercial 
assay kits and antibodies (Supplemental Table 2). In 
brief, sections were dewaxed, antigen-repaired, blocked 
for endogenous peroxidase and nonspecific antigens, then 
incubated with primary antibodies at 4°C overnight. As 
a negative control, the primary antibody was omitted with 
no staining above background as a result (Supplement 
Figure 1). Finally, images of the sections were captured 
with an ECLIPSE Ti fluorescence microscope (Nikon | 
Corporation, Tokyo, Japan) or a laser scanning confocal 
microscope. Quantitative analysis of fluorescence intensity 
was conducted in three areas of three sections from six 
fetuses per group with Image J software (https://imagej. 
nih.gov/ij/).

Cell Culture
Renal tubular epithelial cells (TEC) were isolated from 
control and MHF fetal kidneys. Briefly, fetal kidneys 
were decapsulated and minced in cold PBS, then the 
cortex was retained and digested in DMEM-F12 medium 
(Biological Industries) with Collagenase IV (1 mg/mL, 
Solarbio) for 30 minutes at 37 °C. Afterwards, 
Collagenase IV activity was neutralized with growth med
ium [DMEM-F12 medium and 10% FBS (HAKATA) con
taining 100 unit/mL penicillin and 0.1 mg/mL 
streptomycin]. The cell suspension was sieved through 
a nylon cell strainer (ø 100 μm). The filtrate was centri
fuged and the pellet was resuspended in growth medium 
before plating onto culture dishes. Cells were cultured at 
37°C in a CO2 incubator with medium changes every 2 
days until collected. The cells used in this study were 
passage 2. IF staining of CK18, a specific marker of 

epithelial cell, confirmed the cells were from tubular 
epithelial (Supplement Figure 2).

Determination of Malondialdehyde 
(MDA) Levels
MDA level in the fetal kidney was measured with 
a CheKine™ Lipid Peroxidation (MDA) Assay Kit 
(ktb1050; Abbkine, Wuhan, China) and are presented as 
nmol MDA/mg protein.

Quantitative PCR
Total RNA was extracted with RNAiso reagent (TaKaRa 
Biotechnology Co., Ltd., Dalian, China), assayed for quantity 
and purity, then reverse-transcribed into complementary DNA 
(cDNA) with a cDNA synthesis kit (RR047A; TaKaRa 
Biotechnology Co., Ltd.). The cDNA was amplified using 
a 7500 fast real-time PCR system (Applied Biosystems, 
Carlsbad, CA, USA) with the primers listed in 
Supplementary Table 3. Data were calculated with the 
2−ΔΔCt method after normalization against β-actin as an inter
nal control.

Western Blot Analysis
Total protein was extracted with SDT buffer (4% [w/v] 
sodium dodecyl sulfate, 0.1M Tris/HCl pH 7.6, 0.1 
M dithiothreitol) and quantified with a bicinchoninic acid 
protein assay kit. Equal amounts of protein (20 μg) were 
separated by sodium dodecyl sulphate–polyacrylamide gel 
electrophoresis and transferred onto a polyvinylidene 
difluoride membrane, which was cut into several strips 
that were blocked and incubated with primary antibodies 
(Supplementary Table 2). After probing with secondary 
antibodies, the blots were visualized with Enhanced 
Chemiluminescence Plus reagent (EMD Millipore 
Corporation, Billerica, MA, USA).

Statistical Analysis
The results are presented as the mean ± standard error 
of the mean. The Student’s two-tailed t-test was used for 
comparisons between two groups. Multigroup compari
sons of the means were carried out by one-way analysis 
of variance (ANOVA) test with Dunnett’s T3 test or 
Fisher’s LSD test as the post hoc test. A probability 
(p) value of <0.05 was considered statistically 
significant.
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Results
Animal Phenotype
There was no significant difference in the litter size and 
resorption rate between the MHF and control groups (data 
not shown). The birth weight of the neonates was slightly 
lower in the MHF group than the control group. The 
kidney weight and kidney index were higher in the near- 
term fetuses of the MHF group (E20), but there was no 
significant difference at 12 weeks between two groups. As 
compared with the control group, SBP was significantly 
increased at 12 weeks in the MHF group (Figure 1A). 
Serum UA and urine protein were increased. Serum 

CREA was not varied, urine CREA was mild increased 
thus ratio of blood/urine was moderately decreased, 
though this did not reach significance. These indices indi
cated mild renal injury in MHF adult offspring 
(Supplemental Table 4).

Kidney Histopathology Development 
Indices
PAS staining showed that MHF had little effect on the 
number of nephrons in the fetal kidney (Figure 1B). 
AQP1, the marker of proximal tubular epithelium was 
reduced in MHF fetal kidney (Figure 1C). Immunostaining 

Figure 1 Effect of a high fat diet of pregnant rats on kidney growth of offspring. (A) Body weight, kidney weight, kidney index, and systolic blood pressure (SBP) at the 
indicated time points in both groups. (B) Representative PAS-stained kidney sections and a graph of nephron counts. Images were captured at a magnification of 200×; scale 
bar = 100 μm. (n =6 per group, *p < 0.05 vs control). (C) Western blot analysis of AQP1 proteins (n =7 per group, *p < 0.05 vs control). (D) Immunofluorescence (IF) 
staining of vimentin in both groups at E20 or 12W (magnification of 800×; scale bar = 50 μm).
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against vimentin showed tubular fibrosis in the adult off
spring of the MHF group, but not the fetuses (Figure 1D).

Effect of MHF on PEXs in Fetal Kidney
As is shown in Figure 2A–C, the protein expression levels of 
PEX3, 14, and 19 were significantly downregulated in the 
fetal kidney of the MHF group, while PEX5 was upregu
lated. The qPCR analysis showed that the mRNA levels of 
PEX1, 7, and 26 were increased, while those of PEX3 and 14 
were decreased, consistent with the protein data. There was 
no significant difference in the transcript levels of PEX11A, 
11B and 16 between the two groups. Catalase (CAT), which 
degrades H2O2 and is an established marker of peroxisomes, 
was significantly decreased in the fetuses of the MHF group, 
as determined by IF co-staining with PEX14 (Figure 2C).

Regulators of Fatty Acid β-Oxidation 
(FAO) in Fetal Kidney
FAO in the peroxisome generates ROS or RNS as bypro
ducts. Peroxisomal membrane protein (PMP) 70, which is 
involved in PMP sorting and the transport of fatty acids, 
was also downregulated in the MHF group, as determined 
by Western blot, q-PCR and IF. The protein levels of 

hydroxysteroid 17-beta dehydrogenase 4 (HSD17b4) and 
enoyl-CoA hydratase and 3-hydroxyacyl CoA dehydro
genase (EHHADH), which are rate-limiting enzymes that 
catalyze the second step of FAO, were upregulated and 
downregulated, respectively. However, mRNA levels of 
ACOX1 and 2, the rate-limited enzymes that catalyze the 
first step of FAO, were unaffected by MHF (Figure 3A–C).

Antioxidant System in Fetal Kidney
The endogenous antioxidants superoxide dismutase 2 (SOD2), 
and CAT were significantly downregulated in the MHF group. 
In contrast, mRNA level of epoxide hydrolase 2 (EPHX2), an 
antioxidant mainly located in the peroxisomes and cytosol, 
was increased. There was no significant difference in the 
mRNA levels of the antioxidants peroxiredoxin 5 (PRDX5) 
and glutathione S-transferase kappa 1 between the MHF and 
control groups. Interestingly, NOS2 showed a decrease in 
mRNA level, but an increase in protein expression, evidenced 
by IF staining (Figure 4A–C). Augmented levels of MDA, an 
end-product of lipid peroxidation, reflect OS in the fetuses of 
the MHF group (Figure 4D). Further, protein interaction ana
lysis of the detected differentially expressed genes between 
two groups was conducted using the STRING database 

Figure 2 Maternal high fat (MHF) diet induced dysregulation of peroxins (PEXs) in the fetal kidney. (A) Western blot analysis of PEXs proteins. (B) qPCR analysis of the 
PEXs mRNA levels. (n =7-8 per group, *p < 0.05 vs control). (C) IF staining of PEX14 and catalase colocalization and distribution of PEX3 in the fetal kidney (magnification of 
800×; scale bar = 50 μm).
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(https://string-db.org/), to show that all the differentially 
expressed antioxidants and FAO regulators interrelated with 
peroxins and PEX3 /14 seemed to be the hub genes. 
(Figure 5A). Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway analyses (http://www.genome.jp/kegg/) 
showed that each cluster of PEXs function synergistically in 
peroxisome biogenesis have the same change trend 
(Figure 5B).

Activation of the NRF2 Pathway in Fetal 
Kidney
Western blot analyses showed decreased expression of 
KEAP1 and enhanced expression and nuclear translocation 
of NRF2 in the fetal kidney of the MHF group. The qPCR 

analyses showed that the expression levels of NRF2 and 
associated downstream genes (ie, NQO1, HO-1, and glu
tathione reductase) tended to be enhanced, although the 
latter two did not reach statistical significance due to high 
individual variations (Figure 6A and B).

Activation of Inflammasomes and 
Pyroptosis in Fetal Kidney
The qPCR, Western blot and IF analyses showed enhanced 
expression of thioredoxin interacting protein (TXNIP), puri
nergic receptor P2X7, and indicators of the inflammasome and 
pyroptosis (NLRP3, apoptosis-associated speck-like protein 
containing a CARD [ASC], and interleukin [IL]-18) in fetuses 
of the MHF group, indicating activation of inflammasomes. 

Figure 3 Effects of maternal high-fat on fatty acid β-oxidation (FAO) regulators in the fetal kidney. (A) Western blot analysis of FAO regulators. (B) The qPCR analysis of the 
mRNA levels of FAO regulators. (n =8 per group, *p < 0.05 vs control). (C) IF staining of Peroxisomal membrane protein (PMP) 70 and catalase (CAT) co-localization in the 
fetal kidney (magnification of 800×; scale bar = 50μm).
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Cleavage of IL-1β, IL-18, and caspase-1 was increased, 
although the mRNA level of IL-1β was unchanged. 
Meanwhile, cluster of differentiation (CD)68 and the F4/80 
antigen (Emr1) were increased in the fetuses of the MHF 
group, indicating that MHF induced the accumulation of 
macrophages and secretion of proinflammatory cytokines 
(Figure 7A–C).

Activation of Endoplasmic Reticulum 
Stress (ERS) and Apoptosis in Fetal 
Kidney
A previous report suggested that maternal obesity- 
induced ERS and subsequent maldevelopment of the 
hypothalamus.21 A high fat diet-induced upregulation 
of the ERS regulators Activating transcription factor 
(ATF)4/6, PKR-like ER kinase (PERK), DNA damage- 

inducible transcript 3, also known as C/EBP homologous 
protein (CHOP), inositol-requiring enzyme 1 (IRE1), and 
spliced X-box binding protein 1(s-XBP1) in the fetal 
kidney, which indicated activation of ERS (Figure 8A– 
C). eIF2a was unaffected by maternal high fat, however, 
the p-eIF2a was enhanced in MHF fetus. In addition, 
expression of the pro-apoptosis factor Bax was 
increased, while that of the anti-apoptosis factor Bcl-2 
was decreased. The expression levels of cleaved caspase- 
9 and caspase-8 were increased, suggesting enhanced 
mitochondria-mediated apoptosis (Figure 8D and E).

Effect of MHF on TECs in Fetus
Q-PCR analysis revealed that most of the tested PEXs showed 
a trend for reduction in primary culture TECs with exposure to 
MHF, though only the expression differences of Pex1,3,5,7,16 

Figure 4 Effects of MHF on antioxidants in the fetal kidney. (A) The qPCR analysis of the mRNA level of antioxidants in both groups. (B) Protein expression of the 
antioxidants CAT and superoxide dismutase (SOD)2. (n = 7–8 per group, *p < 0.05 vs control). (C) IF staining showing the locations and expression of nitric oxide 
synthase (NOS)2 in the fetal kidney of CON and MHF group (400×, scale bar = 50μm, n=6 per group, *p < 0.05 vs control). (D) MDA levels in the fetal kidney of both 
groups. (n = 5 per group, *p < 0.05 vs control).
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were statistically significant. FAO rate-limiting enzymes 
Acox1 and Hsd17b4 showed the tend to decrease though did 
not reach statistical significance, while Acox2 was enhanced 
in mRNA level. The mRNA levels of endogenous antioxidants 
CAT, Ephx2 and Prdx5 were decreased. In contrast, Sod2 was 
enhanced, contrast to the result of renal tissues. Unexpectedly, 
NRF2 downstream genes and ERS regulators were all signifi
cantly decreased in mRNA level. Inflammasome genes 
NLRP3 and ASC were increased in mRNA level (Figure 9).

Effect of PQQ on Fetal Development
PQQ exposure increased fetal weight, but not fetal kidney 
weight, thereby decreasing the kidney index as compared 
with MHF offspring. PQQ also ameliorated MDA levels 
(Figure 10A) and the abnormal renal function indices, 
including urine proteins and uric acid to various degrees 
(Supplemental Table 4).

The qPCR results showed that PPQ treatment restored 
the mRNA levels of PEX3, PMP70, and CAT, consistent 

Figure 5 Protein interaction analysis. (A) STRING Protein–Protein Interaction network involving the detected differentially expressed genes. (B) KEGG pathway analysis of 
differentially expressed genes enriched in peroxisome-related pathways. Red indicates an increase in expression and green, a decrease.

Figure 6 MHF triggered NRF2 activation in the fetal kidney. (A) Western blot analysis of the expression of Kelch-like ECH associated protein (KEAP)1 and nuclear 
translocation of NF-E2- related factor 2 (NRF2). (B) qPCR analysis of the mRNA levels of NRF2 and associated downstream genes. *p < 0.05 vs control; (n = 7–8 per group, 
*p < 0.05 vs control).
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with expectations. Instead, the mRNA levels of PEX14, 
SOD2 were further diminished. The mRNA expression of 
PEX1, 7, and 26 was unaffected by PQQ treatment. Q-PCR 
and IF staining showed that NOS2 expression was 
decreased which indicated that PQQ reversed the activation 

of NOS2 induced by MHF. PQQ also partly alleviated the 
abnormal activation of the NRF2 pathway and inflamma
somes by diminishing the mRNA levels of NRF2 target 
genes (GCLC, NQO1) and inflammasome-related genes 
(TXNIP and ASC). Compared with MHF group, PQQ 

Figure 7 MHF induced activation of the NLR family, pyrin domain-containing (NLRP)3 inflammasome in the fetal kidney. (A) The qPCR analysis of mRNA levels of genes 
associated with the inflammasome in the fetal kidney. (B) Expression levels of protein associated with the NLRP3 inflammasome in the fetal kidney. (n = 7–8 per group, *p < 
0.05 vs control). (C) IHC of NLRP3 and CD68 and IF staining of CD68 showed the expression and location of NLRP3, and CD68 in the fetal kidney (magnification of 400×; 
scale bar = 50μm).
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treatment led to diminished mRNA level of ER stress reg
ulators (PERK and CHOP) and pro-apoptotic factor Bax, 
while s-XBP1 was unaffected (Figure 10B and C). Western 

blot analysis further confirmed that PQQ restored the pro
tein expression of CAT and Hsd17b4, decreased the protein 
level of TXNIP (Figure 10D).

Figure 8 Effects of MHF on endoplasmic reticulum stress (ERS) and apoptosis regulators in the fetal kidney. (A) Protein expression levels of ERS regulators in the fetal 
kidney. (n = 7–8 per group, *p < 0.05 vs control). (B) The qPCR analysis of the mRNA levels of ERS regulators (C) IF staining showing the expression and location of XBP-1 
(400×, scale bar = 50μm, n=6 per group, *p < 0.05 vs control). (D) The qPCR analysis of the mRNA levels of Bax and BCL-2 in the fetal kidney. (E) Protein expression of 
apoptosis regulators in the fetal kidney. (n = 7–8 per group, *p < 0.05 vs control).
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Discussion
Accumulating evidence suggests that maternal obesity 
creates a lifelong metabolic signature on the fetal liver, 
kidney, and hypothalamus, which together predispose the 
offspring to CKD and metabolic syndrome.22–24 Rodent 
studies have revealed that offspring of obese mothers have 
enhanced OS, inflammation, and renal fibrotic injury, 
which last into adulthood.25,26 In the present study, con
sumption of a high fat diet by pregnant rats led to down
regulation of the tubular epithelial marker in fetus and 
higher SBP in adult offspring. Our result also showed 
a mild decrease in birth weight of the neonates. Maternal 
obesity is commonly associated with fetal overgrowth. 
However, there are paradoxical conclusions regarding the 
effect of MHF on the body weight of fetus. Some reports 
showed that MHF had little effect on the body weight of 
fetus.27,28 Discrepancies in offspring development pheno
type may be related to differences in the composition of 
high fat diets, the species, and the length of time on high 
fat-diet prior to mating. It cannot be rule out the possibility 

that the severe oxidative stress caused by excessive fatty 
acid affects the development of the placenta and fetal 
body. The important findings emerge from this research 
is that MHF lead to a decrease in number and dysfunction 
of peroxisomes, induction of ERS and apoptosis, and 
activation of the NLRP3 inflammasome and pyroptosis in 
the fetal kidney (Figure 11). And PQQ is an antioxidant 
that partly protects renal programming of MHF offspring 
from lipotoxic effects by decreasing ROS levels and sup
pressing activation of inflammasomes.

Peroxisomes play critical roles in multiple metabolic 
pathways, including FAO, polyamine oxidation, amino 
acid catabolism, and the oxidative part of the pentose 
phosphate pathway. PEX3 and 19, both involved in PMP 
sorting, were downregulated in the MHF fetus. 
Knockdown of PEX3 leads to a reduced number of 
peroxisomes.29 Consistent with the downregulation of 
PEX3, peroxisome marker PEX14, a component of the 
receptor docking site, was decreased in the MHF fetus. 
PEX5/7, matrix protein receptor, and PEX1,6 and 26, 

Figure 9 Effect of MHF on TECs in fetus. The qPCR analysis of the mRNA levels of PEXs/antioxidants/inflammasome in the fetal kidney. (n = 3–6 per group, *p < 0.05 vs 
control).
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involved in receptor recycling,30 were all upregulated. 
These findings are valuable for the further study of impact 
of excess fatty acids on peroxisome biogenesis in renal 
tubular cells. PMP70 is an integral membrane protein 
involved in the transport of fatty acids across the 

peroxisomal membrane, which is essential for the perox
isomal oxidation of lauric and palmitic acids. The opposite 
tendency in the expression levels of HSD17b4 and 
EHHADH, which both catalyze the second step of FAO, 
appeared to be a compensatory effect. These results 

Figure 10 Effect of PQQ on renal programming. (A) Body weight, kidney weight, kidney index, and MDA level in the fetus after PQQ treatment. (B) The qPCR analysis of 
the mRNA level of PEXs, antioxidants, NRF2 pathway and inflammasome genes in the fetus after PQQ treatment. (n = 6 per group, *p < 0.05 vs MHF). (C) IF staining 
showing the expression of NOS2 in the fetal kidney of MHF and HF-PQQ group (400×, scale bar = 50μm, n=6 per group, *p < 0.05 vs MHF). (D) Western blot analysis of 
the expression of Hsd17b4, Txnip, and catalase in fetal kidney.
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suggested that consumption of a high fat diet by pregnant 
rats reduced the number of peroxisomes in the offspring. 
However, further analysis is needed to determine the 
effects on lipid profiles.

Peroxisomes in mammalian cells contain various anti
oxidants, including CAT, glutathione S-transferase kappa 
protein, and EPHX2, among others. Consumption of 
a high fat diet by pregnant rats led to varied expression 
of antioxidants in fetal kidney. The expression of EPHX2, 
a cytosolic and peroxisome epoxide hydrolase,31 was shar
ply increased in the MHF fetus. SOD2, an antioxidant 
located in the mitochondrial matrix, facilitates the rapid 
dismutation of superoxide to H2O2, which is then dismuted 
to water by CAT. MHF downregulated SOD2 and CAT in 
the fetal kidney, which compromises the ability of the cell 
to neutralize superoxide.32 NOS2 catalyzes the production 
of nitric oxide (NO). NO or its derivatives RNS inhibit 

mitochondrial respiration and induce mitochondrial per
meability transition.33 A previous report indicated that 
peroxisomes controlled mitochondrial dynamics and the 
mitochondrion-dependent apoptosis pathway. Deletion of 
PEX3 results in mitochondrial fragmentation in mouse 
embryonic fibroblasts and enhances cytosolic cytochrome 
C levels and caspase activity.34 In this study, the expres
sion levels of Bax and cleaved caspase-9 were enhanced in 
the MHF fetus. Collectively, these finding suggested that 
maternal obesity downregulated the expression of PEX3 
and dysregulated ROS scavenging, resulting in mitochon
drion-dependent apoptosis.

NRF2, a major antioxidant transcription factor against 
OS, is released from the Keap1-NRF2 complex and trans
locates into the cell nucleus under OS. NQO1 and HO-1 
are two vital downstream antioxidant enzymes. Elevated 
expression of NQO1 and HO-1 in response to OS plays 

Figure 11 Hypothesis schematic. A unifying hypothesis depicting the key factors and cellular mechanisms influencing renal programming in response to maternal obesity.
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a critical role in reducing ROS levels. In this study, MHF 
diminished the expression of KEAP1 and augmented the 
expression and translocation of NRF2, as well as the 
associated target genes NQO1 and HO-1. Unexpectedly, 
although the NRF2 signaling pathway was activated, OS 
and inflammation were not relieved, as evidenced by the 
increase in MDA levels and expression of the pro- 
inflammation genes IL1β and IL6 in the fetal kidney. We 
speculated that the decreased number of peroxisomes 
downregulated the expression levels of SOD2 and CAT, 
which contributed to increased ROS content.

Notably, upregulation of NRF2 failed to inhibit activa
tion of the NLRP3 inflammasome in the MHF fetus. The 
NLRP3 inflammasome is a multiprotein complex com
posed of a NLRP3 inflammasome sensor, ASC, and pro
caspase-1, which activates caspase-1 and subsequently 
induces the processing and secretion of the proinflamma
tory cytokines IL-1β and IL-18. Previous reports revealed 
the existence of the ROS/ERS/TXNIP/NLRP3 inflamma
some axis in various cells.35,36 In response to ROS accu
mulation, ERS induces the production of TXNIP through 
the PERK and IRE1α pathways, which binds to NLRP3 to 
activate the inflammasome.35,37,38 Furthermore, enhanced 
ROS may directly induce TXNIP to dissociate from the 
TRX-TXNIP complex and then bind to and activate 
NLRP3.39 On the other hand, ligation of the P2X7 receptor 
(P2X7R) by extracellular adenosine triphosphate activates 
the NLRP3 inflammasome, leading to secretion of proin
flammatory cytokines by monocytes and macrophages.40 

Based on the findings of this study, maternal obesity likely 
contributed to upregulation of the unfolded protein 
response pathway regulators IRE1 and PERK, which 
induced TXNIP production and subsequently activated 
the NLRP3 inflammasome, thus contributing to enhanced 
secretion of proinflammatory cytokines, eventually leading 
to renal fibrosis and cell injury (Figure 10). However, 
further studies are needed to investigate this mechanism 
in renal tubular epithelial cells.

AQP1 reduction suggests the dysplasia of the proximal 
tubules in MHF fetus. We isolated renal tubular epithelial 
cells from fetus and investigated the genetic changes of 
peroxisome/ROS/inflammasome axis. The changes in 
TECs are not all the same as in the renal tissue. The 
mRNA expression levels of most of the PEXs, PRDX5 
and HSD17B4 (all located in peroxisome) were reduced in 
TECs. By contrast, mRNA levels of PEX1, 5, and 7 were 
all increased in the MHF tissues. MHF-induced 

upregulation of inflammasome gene NLRP3, ASC and 
apoptosis regulator Bax in TECs, as in tissues. However, 
mRNA levels of NRF2 and ERS pathway regulators were 
reduced, contrary to the variation tendency in tissues. The 
mRNA expression of endogenous antioxidants EPHX2 
and SDO2 also showed opposite trends in tissues and 
cells. These results confirmed that MHF leads to reduction 
of PEXs, induces oxidative stress and inflammasome in 
TECs. However, contradictory results between TECs and 
tissues may be due to different genetic differences in 
various cell types in kidney caused by MHF, and need to 
be investigated further. It cannot be ruled out that the 
possibility that the primary culture TECs have undergone 
genetic changes after leaving the in vivo environment. If 
possible, it may be better to use multicolor fluorescence 
system to simultaneously detect both cell-specific markers 
and target genes in vivo.

PQQ, a redox-active o-quinone existing in plant, bac
terial, and mammalian cells, is gaining increasing atten
tion. Reportedly, PQQ exposure improves the antioxidant 
potential of human cells.41 However, little is known about 
the effect of PQQ on fetal development during pregnancy. 
Jonscher et al42 reported that administration of PQQ at the 
time of conception prevented developmental programming 
of hepatic lipotoxicity and inflammation. Friedman et al43 

reported that treatment with PQQ prior to weaning pre
vented developmental programming of microbial dysbiosis 
and macrophage polarization, and attenuated liver fibrosis 
in the offspring of obese mice. Our results showed that 
supplementation with PQQ during pregnancy and lactation 
inhibited lipotoxicity-induced OS in the fetal kidney by 
restoring the expression of PEX3 and the CAT, thereby 
decreasing MDA levels. The further decrease in SOD2 
levels may be due to feedback inhibition caused by ROS 
reduction. PQQ alleviated OS and partly inhibited MHF- 
induced activation of NRF2 pathway, ERS and inflamma
some. Reportedly, antioxidant treatment reversed the loss 
of peroxisomes in Phen-treated cells.44 ROS can activate 
autophagy. We speculated that PQQ reduced ROS, inhib
ited pexophagy, then reversed peroxisome deficit. Further 
research into the pathways responsible for the effect of 
PQQ on peroxisome and inflammasomes is warranted.

There were several limitations of our study. Firstly, 
only the fetal kidney was investigated for the molecular 
changes. Further research to investigate the molecular 
changes in adulthood is necessary for exploring the renal 
programming of maternal high fat. In addition, although 
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we analyzed the genetic alteration of peroxisome/ROS/ 
NLRP3 axis in TECs, the function and viability of the 
cells are not addressed, so the effect of MHF is not fully 
determined. Although we revealed PQQ effect on the 
expression of PEXs and inflammasomes, the complex 
cascade-like mechanism remains to be investigated.

Conclusion
Taken together, the results of the present study unveiled 
a previously unrecognized role of peroxisomes in renal 
development. The effect of PEXs gene dysregulation on 
ROS metabolism and the NLRP3 inflammasome may con
tribute to pathogenesis of CKD related to maternal nutri
tional status. The dietary antioxidant PQQ served 
a protective role against lipotoxicity during renal develop
ment and, thus, is a potential candidate to prevent renal 
fibrosis induced by maternal obesity.
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